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1. Introduction
Heterophasic polypropylene (PP) copolymers or
blends, consisting of a crystalline polypropylene
(co)polymer matrix and a largely amorphous elas-
tomeric component, are typically chosen for their
high impact strength in numerous applications [1,
2]. When the relation between matrix stiffness and
elastomer amount results in a ‘stiff’ final material
(i.e. having a modulus above 800 MPa, often going
up to more than 1500 MPa) the target applications
mostly are in the injection moulding area, ranging
from thin-wall packaging for foodstuff like ice-
cream or dairy products to components for cars and
electrical equipment. When matrix crystallinity is
reduced by copolymerization and leads together
with a high elastomer amount to a ‘soft’ material (i.e.
having typically a modulus below 700 MPa, often
going down to less than 400 MPa) the target appli-
cations mostly are in the (cast or blown) film area,
ranging from flexible lids and stand-up pouches for
food packaging to highly specialized and very soft
pillow pouches for the medical and pharmaceutical
area [3]. A significant widening of the available
property range in recent years has allowed PP to
substitute other polymer materials both in the stiff
area (like polystyrene or polyamide) and in the flex-
ible area (like polyethylene or plasticised poly(vinyl
chloride)).
Designing tailored polymer compositions can be
challenging since many polymer properties are
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© BME-PTdirectly or indirectly interrelated. It is, for example,
difficult to combine low temperature impact strength
and transparency. Because of the density difference
between crystalline matrix (900–910 kg/m3) and
rather amorphous elastomer particles (840–
880 kg/m3), the latter will act as scattering centres
for light if they are big enough. For transparent
materials the particles should therefore be as small
as possible [4] or closely matched in refractive index
(i.e. in density when talking about PP and PE mix).
The particle size is, however, directly related to
compatibility and viscosity ratio, both in extruder
blend systems [5–9] and in reactor-made multi-
phase copolymers [8–13]. Especially for materials
with good flowability elastomer components of very
low viscosity are required which necessarily only
deliver a very limited contribution to the impact
strength [10]. Because of that and due to high non-
linearities in the toughness evolution a combination
of different mechanical requirements can be chal-
lenging with purely reactor-based solutions [8, 9].
One possible solution for combining low tempera-
ture impact strength and transparency is the addi-
tional application of external elastomer types. High
impact strength levels, but normally only limited
optical performance can be achieved with ethylene-
co-octene or -butene plastomers and elastomers
based on polymerisation with single-site catalysts in
solution like ENGAGE™ from DOW or EXACT™
from ExxonMobil [14–18] when the densities typi-
cally range typically in between 850 and 875 kg/m3.
The comonomer content [15] and the molecular
weight [18] of these homogeneous copolymers can
be varied in a wide range, allowing applicability in
a wide range of stiffness and melt flow rate (MFR),
the density difference and ‘sharp’ interface to the
iPP matrix (i.e. without co-crystallization across the
phase boundary) are clearly causing light scattering
and limiting transparency.
Very good optical performance, but only limited
low-temperature impact strength is reached with
ethylene-propylene block copolymers of the Vista-
maxx™ type by ExxonMobil due to the excellent
compatibility to PP and its copolymers [19, 20], and
a density close to 900 kg/m3. The main reason for
the comparably poor impact performance is the rel-
atively high glass transition temperature of these
polymers at ~–30°C. Only limited experience exists
so far for the use of olefin block copolymers pro-
duced with a chain-shuttling catalyst concept [18,
21, 22], but no particularly advantageous optical
performance has been reported.
Finally, styrene-based elastomers of the di- or tri-
block type have found uses in special areas despite
their comparatively higher price [23, 24]. Mostly
hydrogenated styrene-butadiene triblock systems
are used which can be designed in a wide range of
compatibility and viscosity by varying the molecu-
lar weight and individual block lengths [25]. Other-
wise inaccessible combinations of density and glass
transition – e.g. 910 kg/m3 and –62°C for a styrene
content of 30 wt% – and the good compatibility
between the elastomer blocks and iPP allow unique
blend properties, especially when targeting soft
compositions [26].
In most of the papers cited so far single examples of
external elastomer types have been studied in com-
bination with a homogeneous iPP matrix or, in
some cases, as compatibilizers between iPP and high
density polyethylene (HDPE) [10, 27, 28]. When
modifying reactor-based high-impact EP copoly-
mers, the effect of interactions with the internal
EPR and PE phases needs to be considered as well.
For this purpose, the interaction between binary
combinations of three different elastomer classes
commonly applied in impact modification of isotac-
tic polypropylene (iPP) was studied.
2. Experimental work
Blends based on a homogeneous ethylene-propy-
lene (EP) random copolymer (EP-RACO) and a het-
erophasic EP impact copolymer comprising ethyl-
ene-propylene rubber (EPR) with different external
elastomer types, one homogeneous ethylene-1-
octene copolymer (EOC), and two hydrogenated
styrene-butadiene-styrene triblock copolymers
(SEBS) with different styrene contents, were pre-
pared and investigated. The following two commer-
cial iPP copolymer grades from Borealis (Austria)
were selected as base and matrix materials:
(a) the homogeneous random copolymer (PP-R)
RJ370MO having an ethylene content of
3.9 wt%, a density of 900 kg/m3 and a melt
flow rate (MFR acc. ISO 1133, 230°C/2.16 kg)
of 45g/10 min, and
(b) the heterophasic impact copolymer (PP-I) Bor-
pact™ BC918CF having an ethylene content of
4.8 wt%, an EPR content determined as xylene
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of 905 kg/m3 and a MFR of 3,0 g/10 min.
The seemingly high difference in flowability resp.
molecular weight between the two base polymers
results from the wish to have a comparable matrix
viscosity, as the PP-I matrix component (PP homo  -
polymer) has a comparable viscosity to the PP-R
[10, 11].
As external elastomers, three different types
selected from two of the aforementioned classes
were selected:
(i) a homogeneous elastomeric ethylene-1-octene
copolymer (EOC), Engage 8400 from DOW
Chemical (USA) having an octene content of
40 wt%, a density of 870 kg/m3 and an MFR
(190°C / 2.16 kg) of 30 g/10 min,
(ii) a conventional hydrogenated styrene-butadi-
ene-styrene triblock copolymer (SEBS1), Kra-
ton G 1652 from Kraton Inc. (USA) having a
high styrene content of 30 wt%, a density of
910 kg/m3 and an MFR (230°C/2.16 kg) of
5 g/10 min, and
(iii)another type of SEBS (SEBS2), Kraton G 1657
from Kraton Inc. (USA) having a low styrene
content of 13 wt%, a density of 900 kg/m3 and
an MFR (230°C/2.16 kg) of 22 g/10min.
All compositions investigated are summarized in
Table 1. In addition to the pure base polymers, com-
positions with one or two types of elastomer at con-
centrations of 19–20 and 24–25 wt% (considering
the inherent elastomer content of the PP-I base)
were investigated. This means that both binary
combinations of iPP matrix with each of the elas-
tomers – EOC, SEBS1, SEBS2 and EPR – as well as
ternary combinations including two of these were
prepared and tested. All compositions were com-
pounded on a co-rotating twin-screw extruder
(Thermo-Prism TSE24, Thermo Fisher Scientific
Inc., Germany) of 24 mm screw diameter and a
length to diameter ratio of 48 with a high-intensity
mixing screw and a temperature profile at 180–
220°C with a throughput of 10 kg/h and a screw
speed of 50 rpm.
For determining the thermo-mechanical perform-
ance of the compositions, dynamic-mechanical analy-
sis (DMA) in torsion mode was performed in accor-
dance with ISO 6721 with 50!10!1 mm3 compres-
sion moulded samples, as a function of temperature
at a test frequency of 1 Hz with a heating rate of
2 K·min–1. Measurements were carried out under
forced oscillation in a torsion mode (! = 0.04%)
with an ARES rheometer (Rheometrics, USA). Tem-
perature dependence of storage modulus G" and loss
angle tangent tan# were used for evaluation.
The final mechanical and optical properties of the
compositions were investigated according to stan-
dard procedures on injection moulded specimens
prepared in line with EN ISO 1873-2. Standard
mechanical data were determined. The parts were
not conditioned prior to testing, which was done at
least 96 h after moulding. Charpy notched impact
strengths (NIS) were measured on 80!10!4 mm3
specimens at +23 and –20°C according to ISO
179/1 eA (test speed of about 3 m·s–1), tensile prop-
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Table 1. Investigated compositions and melt flow rate
Material
number
Base resin Elastomer MFR
230°C/2.16 kg
[g/10 min]
PP-R
[wt%]
PP-I
[wt%]
EOC
[wt%]
SEBS1
[wt%]
SEBS2
[wt%]
total
[wt%]
M/1 100 0 40
M/2 80 20 20 39
M/3 80 20 20 16
M/4 80 20 20 22
M/5 80 15 5 20 33
M/6 80 15 5 20 34
M/7 75 15 10 25 29
M/8 75 15 10 25 29
M/9 75 25 25 32
M/10 100 14 3.0
M/11 95 5 19 3.1
M/12 95 5 19 3.2
M/13 95 5 19 3.3
M/14 90 10 24 3.1
M/15 90 10 24 3.4
M/16 90 10 24 4.0                                                 Grein et al. – eXPRESS Polymer Letters Vol.6, No.9 (2012) 688–696
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Figure 1. TEM overview images of 6 of the investigated blends (scale bar size 5 $m); (a) M/2 PP-R + 20 wt% EOC
EG8400, (b) M/5 PP-R + 15 wt% EOC EG8400 + 5 wt% SEBS G 1652 (high styrene content), (c) M/6 PP-R +
15 wt% EOC EG8400 + 5 wt% SEBS G 1657 (low styrene content), (d) M/10 base polymer PP-I, (e) M/12 PP-I
+ 5 wt% SEBS G 1652 (high styrene content), (f) M/13 PP-1 + 5 wt% SEBS G 1657 (low styrene content)erties were recorded on universal ISO dog-bone
specimens of 3 mm thickness at 23°C according to
ISO 572-2 at a test speed of 1 mm·min–1 for the
modulus and 50 mm·min–1 for yield stress and yield
strain. The haze, a commonly applied measure for
light scattering inverse to transparency, were deter-
mined on 60!60!1 mm3 plaques according to
ASTM D 1003.
For studying the phase morphology, the samples
were also investigated by transmission electron
microscopy (TEM) on ultra-microtomed specimens
after contrasting with ruthenium tetroxide to allow
differentiation between regions of high and low
crystallinity [29]. TEM images were recorded on a
Tecnai G2 12 from FEI (USA), equipped with a CCD
camera (Gatan Bioscan, USA) at 100 kV accelera-
tion voltage at the Center for Electron Microscopy
Graz, Austria.
3. Results and discussion
An overview of all blend morphology types is pre-
sented in Figure 1. The first three images present
both binary and ternary blend systems based on the
homogeneous random copolymer matrix (PP-R)
with a clear order of compatibility between the
matrix polymer and the three different elastomer
types expressed in the resulting particle size. While
in all cases an equivalent particle diameter of 3 $m
is not exceeded, the smallest particles are clearly
achieved with the pure EOC elastomer (1a, compo-
sition M/2). The ternary compositions, M/5 and M/6
are quite different insofar as with the styrene-rich
SEBS type a clearly bimodal particle size distribu-
tion is achieved while with the butadiene-rich SEBS
the morphology is very similar to the binary refer-
ence. A generally better dispersion is achieved in
the reactor-based PP/EPR systems like the pure PP-I
matrix M/10. But even here only the butadiene-rich
SEBS allows retaining the largely monomodal par-
ticle size distribution (M/13), while a similar
bimodality with significantly bigger practically pure
SEBS particles results from the addition of the
styrene-rich type in M/12.
The mechanical and optical performance of all
compositions is summarized in Table 2. As to be
expected, the composition-induced differentiation
is smallest for the tensile modulus (see Figure 2),
where only for the PP-R based blends with higher
total elastomer content a certain effect of the styrene
content of the SEBS types used can be seen. This is
well in line with earlier PP/elastomer blend series
where a simple ‘mixing rule’ behaviour was found for
the (tensile, flexural or dynamic) moduli [4, 6, 9].
Figure 3 demonstrates a significantly stronger dif-
ferentiation for the impact strength at room temper-
ature, while a look at Table 2 will confirm that quite
similar trends are found for the low-temperature
impact strength. In the case of the PP-R base, the
toughness order for the binary compositions at
20 wt% elastomer is butadiene-rich SEBS (G1657)
> EOC (EG 8400) > styrene-rich SEBS (G1652),
but the differentiation is even enhanced for the ter-
nary systems. A closer look at the blend morphol-
ogy (see Figure 4) and the low temperature mobility
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Table 2. Mechanical and optical properties (Tensile test – ISO 527-2, Charpy NIS – ISO 179 1eA, Haze – ASTM D 1003)
Material
number
Elastomer
total
[wt%]
Tensile test Charpy NIS Haze
1 mm
[%]
Modulus
[MPa]
!yield
[MPa]
"break
[%]
+ 23°C
[kJ/m2]
–20°C
[kJ/m2]
M/1 0 1091 28.2 487 4.4 1.0 23.4
M/2 20 798 20,8 571 19.2 1.7 26.2
M/3 20 769 20.4 420 16.4 4.6 50.7
M/4 20 793 20.1 439 24.4 2,7 34.7
M/5 20 756 20.3 614 9.5 2.9 33.4
M/6 20 771 20.0 594 20.2 1.7 27.8
M/7 25 665 18.3 674 13.1 4.0 36.2
M/8 25 783 18.9 562 31.3 2.9 22.6
M/9 25 791 19.2 561 24.4 2.7 28.3
M/10 14 1460 31.3 528 28.1 1.3 32.3
M/11 19 1416 28.3 589 39,1 1.4 38.8
M/12 19 1396 28.5 565 48.5 1.6 32.0
M/13 19 1420 28.0 606 39,9 1.4 30.7
M/14 24 1322 25.8 582 55.5 2.3 26.6
M/15 24 1305 26.3 507 58.4 3.0 28.9
M/16 24 1303 25.2 497 53.2 2.5 27.2(see Figure 5) of some of the compositions, espe-
cially the ternary ones, appears required here. The
much stronger relaxation strength (tan#) of both
SEBS elastomers is obvious in combination with
the lower glass transition temperature of the butadi-
ene-rich grade, Kraton G1657. This effect can even
still be distinguished in the mixture with the EOC
plastomer, as the summary in Table 3 shows. A fur-
ther look at the DMA traces shows that the temper-
ature dependent mobility of the PP matrix phase is
obviously not influenced in any case.
In addition to this mobility difference, the morphol-
ogy of the ternary systems shows a certain compat-
ibilizing effect of the EOC plastomer (which itself
clearly forms the smallest elastomer particles). A
closer look at the particle structure in Figure 4
reveals the fact that the bigger particles for the ter-
nary system M/4 (the upper part of the bimodal par-
ticle size distribution) are the ones rich in (or com-
posed only of) the styrene-rich SEBS which can be
identified by the globular styrene domains visible at
higher magnifications. For the butadiene-rich SEBS,
the compatibilization is more effective and domains
of this elastomer can be found only inside an EOC
plastomer cover.
This differentiation in terms of impact strength is
significantly reduced for the PP-I based blends (see
again Figure 2), while the overall toughness level is
enhanced especially at room temperature. The high
degree of phase compatibility for the selected poly-
mer type results in a relatively high glass transition
temperature of part of the reactor-made EPR phase
(see Figure 5 and Table 3). This can however be
compensated easily by an external elastomer using
the compatibilizing effect of this component, as the
ternary systems M/11 to M/16 show. Especially the
butadiene-rich SEBS type applied for M/13 leaves
the particle size of the PP-I base practically
unchanged as a comparison between Figures 4c and
4d demonstrates.
While it is certainly an important factor for the
impact properties of the respective systems, the opti-
cal performance is even more affected by the parti-
cle size (see Table 2 and Figure 6). If the positive
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Figure 2. Stiffness effect in binary (full triangles; M/2-M/4,
M/9 based on PP-R & M/10 pure PP-I) and ter-
nary (open squares; M/5–M/8 based on PP-R &
M/11–M/16 based on PP-I) PP / elastomer com-
positions (M/1 pure PP-R – asterisk); trend-lines
(continuous for PP-R-base & dashed for PP-I
base) are only indicative
Figure 3. Room temperature impact strength effect in
binary (full triangles; M/2–M/4, M/9 based on
PP-R & M/10 pure PP-I) and ternary (open
squares; M/5–M/8 based on PP-R & M/11– M/16
based on PP-I) PP / elastomer compositions (M/1
pure PP-R – asterisk); trend-lines (continuous for
PP-R-base & dashed for PP-I base) are only
indicative
Table 3. DMA parameters; Glass transition peak tempera-
tures of the elastomer phase (Tg,e) and the PP
matrix phase (Tg,m), and storage modulus at +23°C
(G"23)
Material
number
[–]
Elastomer
total
[wt%]
DMTA parameters
Tg,e
[°C]
Tg,m
[°C]
G#
[MPa]
M/1 0 – –4 573
M/2 20 –58 –4 465
M/3 20 –62 –2.8 443
M/4 20 –64 –2 461
M/5 20 –58 –4 423
M/6 20 –60 –1.9 413
M/10 14 –60 –4 580
M/11 19 –60 –4 515
M/12 19 –63 –4 508
M/13 19 –65 –4 497effect of combining the two elastomers in M/6 on
impact strength is already interesting, the respective
effect on transparency improvement (i.e. haze reduc-
tion) is outstanding, as the level of the base polymer
is eve exceeded here. As the particle size difference
is not that big, one may assume that the refractive
index of the elastomer mixture plays an important
role, as already postulated before [24, 25]. A look at
the detail morphology in Figure 4 further shows the
change in interfacial structure between the binary
(M/4) and ternary (M/5) which also may contribute
to less light scattering.
The fact that this adjustment in terms of density
resp. refractive index can even be used for improv-
ing the optical performance of a reactor-based PP/
EPR system is even more interesting for practical
applications. Again, the differentiation is reduced
by the compatibilizing effect of the reactor-made
EPR phase, but the butadiene-rich SEBS type still
delivers a slightly better performance.
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Figure 4. TEM detail images of 4 of the investigated blends (scale bar size 0,5 $m); (a) M/4 PP-R + 20 wt% SEBS G 1652
(high styrene content), (b) M/5 PP-R + 15 wt% EOC EG8400 + 5 wt% SEBS G 1652 (high styrene content),
(c) M/10 base polymer PP-I, (d) M/13 PP-1 + 5 wt% SEBS G 1657 (low styrene content)4. Conclusions
The investigated model blend series clearly demon-
strates the possibility to achieve attractive property
combinations in ternary systems consisting of a crys-
talline PP matrix and two different types of elas-
tomer, EOC and SEBS or (reactor-made) EPR and
SEBS. A combination of density matching and com-
patibilization effects allows combining good low
temperature impact strength and a transparency close
to matrix level. When selecting a butadiene-rich
SEBS type, the lower glass transition temperature
of this elastomer possibly plays an additional role.
In any case, modifications based on a multi-phase
impact copolymer deliver a better balance of
mechanical and optical properties.
These results give a clear guidance for the develop-
ment of advanced impact copolymer compositions
based on multiphase reactor grades. A combination
of density matching and compatibilization effects
allows combining good low temperature impact
strength and a transparency close to matrix level
when selecting a butadiene-rich SEBS type.
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